The impact of the El Niño-Southern Oscillation (ENSO) on the atmospheric intraseasonal variability in the North Pacific is assessed, with emphasis on how ENSO modulates midlatitude circulation anomalies associated with the Madden-Julian oscillation (MJO) in the Tropics and the westward-traveling patterns (WTP) in high latitudes. The database for this study consists of the output of a general circulation model (GCM) experiment subjected to temporally varying sea surface temperature (SST) forcing in the tropical Pacific, and observational reanalysis products.
Introduction a. Modes of intraseasonal variability in the extratropics
The nature and dynamical origin of midlatitude atmospheric perturbations with time scales of 10 days to a season have long been of interest to the meteorological community. Particular attention has been devoted to several modes of variability on these time scales in the North Pacific sector, namely, teleconnection patterns with geographically fixed centers of action, westward-traveling patterns (WTP) in high latitudes, and the extratropical anomalies associated with the Madden-Julian oscillation (MJO) in low latitudes.
Many early studies have indicated that the lowfrequency variability of the wintertime circulation in the extratropics tends to be organized about some preferred spatial patterns (e.g., Kutzbach 1970; Dickson and Namias 1976; Namias 1978; van Loon and Rogers 1978 ; see also the review section of Wallace and Gutzler 1981) . Wallace and Gutzler (1981) systematically documented a set of teleconnection patterns of the sea level pressure and 500-mb height fields. One of the most prominent patterns in this set is the Pacific-North America (PNA) pattern, which consists of a northsouth seesaw in the North Pacific and centers of action in Canada and the southeastern United States. Dole (1986) showed that blocking flows in the North Pacific tend to acquire PNA-like features. Thus, the PNA pattern is a strong contributor to intraseasonal variability in that region.
In addition to teleconnection patterns with stationary nodes and antinodes, there are also intraseasonal phenomena with propagative characteristics. Branstator (1987) and Kushnir (1987) found retrograding planetary-scale flow patterns in high-latitude regions, with typical periods of about 3 weeks. They do not resemble any teleconnection patterns identified by Wallace and Gutzler (1981) , and behave more like external Rossby waves. This interpretation is supported by an analysis of the vorticity budget related to the WTP (Lau and Nath 1999) .
The MJO is a principal intraseasonal phenomenon in the Tropics (Madden and Julian 1971, 1972) . The observational study of Knutson and Weickmann (1987) shows that the MJO is also linked to prominent extratropical circulation anomalies. Kiladis and Weickmann (1992) demonstrated that these oscillations are accompanied by large-scale wave trains spanning across the North Pacific basin to North America. Higgins and Mo (1997) found that persistent circulation events in the North Pacific are preceded by convection and largescale divergent motion related to MJO activity in the tropical western Pacific.
b. Impact of ENSO on North Pacific intraseasonal variability
Namias (1986) noted that circulation anomalies over North America tend to have stronger month-to-month persistence during El Niño winters, suggesting that intraseasonal activity in the extratropics is sensitive to the phase of ENSO. Palmer (1988) found that the growth of rms errors of extended-range forecasts in the Pacific sector is closely related to the polarity of a PNA-like pattern. His barotropic model experiments indicate that a negative PNA-like pattern yields a more unstable background state and hence larger eddy growth rates. This result is noteworthy because the anomalous seasonal mean circulation during warm (cold) ENSO events resembles a positive (negative) PNA pattern (Horel and Wallace 1981) . In other words, ENSO might influence intraseasonal activity in the extratropics through its effect on the stability of the basic state. Renwick and Wallace (1996) presented firm evidence on the impact of ENSO on blocking frequencies. They showed that blocking episodes are less likely to occur during warm ENSO years than otherwise, and the strongest effect is found over the Bering Strait. They also reported that, during cold events, intraseasonal activity is enhanced over the eastern Siberian coast, Alaska, and northwestern Canada.
The ability of atmospheric general circulation models (GCMs) to reproduce the impact of ENSO on the North Pacific intraseasonal activity is also assessed in a number of studies. The modeling work of Mullen (1989) indicates that in La Niña-like situations, the total number of block days is increased over the Aleutians and decreased over the northwestern Canadian coast. Chen and Van den Dool (1997) showed that blocking frequencies are increased (decreased) over the North Pacific and North America during cold (warm) events. They argued that the simulated blocking flows there are more effectively forced and maintained by the more active high-frequency eddies during cold events. Compo et al. (2001) , based on modeling experiments with large ensemble sizes, found that both the tropical precipitation and extratropical circulation on intraseasonal time scales are strongly affected by ENSO. They suggested that tropical forcing might be an important factor in determining variability in the extratropics.
c. Issues to be addressed in this study
In this paper, the impact of ENSO on the atmospheric intraseasonal variability in the extratropics is examined, with emphasis on the role of the MJO and WTP. A number of observational studies show that ENSO affects the propagation and preferred geographical location of MJO-related convective activity (Anyamba and Weare 1995; Fink and Speth 1997; Vincent et al. 1998; Hendon et al. 1999) . In particular, warmer SST near the central Pacific seems to favor farther eastward penetration of the anomalous convection during El Niño events. On the other hand, convective signals are more confined to the far western Pacific during La Niña events. Such modulation of the MJO by ENSO might have an impact on the extratropical intraseasonal variability, in view of the ability of the MJO-related convection to excite Rossby wave trains in the North Pacific. Another important contributor to extratropical intraseasonal circulation is the WTP, the properties of which might also be affected by ENSO. The goal of this study is to delineate the relationship between MJO, WTP, and intraseasonal ciruclation in the extratropical North Pacific, and the influences of ENSO on these modes of variability. Specifically, the following questions will be addressed:
• How do the recurrent intraseasonal circulation anomalies in the North Pacific-North American sector evolve in space and time? What are the impacts of ENSO on these anomalies? • How are the MJO and WTP related to these recurrent circulation features? • How does ENSO, through its effect on the MJO and WTP, affect these anomalies? • How do the extratropical anomalies associated with the MJO and WTP interact with each other?
Analyses in this paper make use of both observations and output from a GCM that is capable of producing a high level of MJO activity, as has been demonstrated in the diagnoses by Hendon (2000) of output from the same model. For the GCM simulation examined in this study, Tam (2003) showed that the zonal wind and large-scale divergent circulation have prominent wavenumber-1 signatures with a period of ϳ50 days. Moreover, the MJO-related convection in the model atmosphere is affected by ENSO in a way consistent with observations (see section 5).
This paper is organized as follows. In section 2, the GCM and the experimental setup, as well the observational dataset, are described. The wintertime intraseasonal variability of the extratropical circulation, and its modulation by ENSO are studied in section 3. Recurrent intraseasonal circulation features in the North Pacific sector are examined in section 4. The extratropical circulation anomalies related to the MJO and WTP, and the effects of ENSO on these anomalies, are described in section 5. The interaction between extratropical anomalies linked to the MJO and WTO is the subject of section 6. Discussions and summary are given in section 7.
Description of datasets

a. The GCM experiment
In this study, the output from a numerical experiment using the Geophysical Fluid Dynamics Laboratory (GFDL) climate GCM is analyzed. The GCM has a rhomboidal truncation at 30 wavenumbers, and has 14 unevenly spaced sigma levels. A smoothed realistic topography is incorporated in the lower boundary. Physical processes such as radiative transfer, ground hydrology, and gravity wave drag are included. The clouds in the model atmosphere are predicted, and convection is parameterized using the moist convective adjustment scheme of Manabe et al. (1965) . Bulk aerodynamic formulas are used for surface wind stress, sensible heat flux, and evaporation. Gordon and Stern (1982) and Broccoli and Manabe (1992) gave more detailed descriptions of the model. The GCM experiment is described by Lau and Nath (2003, see the description of their control experiment). This experiment was conducted with monthly varying sea surface temperature (SST) prescribed within the deep tropical eastern Pacific (DTEP; 15°N-15°S, 172°E to the South American coast) from 1950 to 1999. Outside of DTEP, climatological SST was imposed. In other words, interannual variation in the SST field outside of the DTEP is excluded. The experiment comprises eight 50-yr integrations, with each run being conducted using the same sequence of boundary forcing but different initial atmospheric conditions. Daily archived values are used in all analyses. Final results presented are based on ensemble averages over the eight individual integrations.
b. Observational data
The observational dataset for this study is based on the products from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis project (Kalnay et al. 1996) . In particular, it comprises the daily values of the upper-air winds, archived on a 2.5°ϫ 2.5°lati-tude-longitude grid. For the purpose of examining the climatological behavior of intraseasonal acvtivity, reanalysis products within the period of 1979-99 are used. In studying ENSO-related variability, analyses are based on data from 1950 to 1999. For ease of comparison with GCM results, all reanalysis data are interpolated on the same grid as that of the GCM.
Intraseasonal activity and its interannual variations
To depict the level of intraseasonal activity at various geographical locations, the root-mean-squares (rms) of the 10-60-day filtered 300-mb height field (Z 300 ) in the November-March period is computed. Figures 1a,b show the result based on GCM (reanalysis) data for all years in the 1950-99 (1979-99) period. Here, and in the rest of the study, bandpass filtering is achieved by using a 141-weight Lanczos filter. The 10-day cutoff is chosen to exclude fluctuations related to synoptic-scale activity. The two charts indicate strong activity with comparable amplitudes over the North Pacific and the North Atlantic. The maxima in rms are located over the central and eastern part of the ocean basins, that is, in the jet exit regions. Strong activity extends eastward to northwestern North America and northern Eurasia.
It is noticed that rms amplitudes of the reanalysis pattern are about 20%-25% stronger than the simulated values. For the reanalyses, the most vigorous intraseasonal activity in the North Pacific sector is located over Alaska, whereas the strongest variability in the model atmosphere occurs near the northwestern North American seaboard. Overall, the strongest intraseasonal perturbations reside in higher latitudes in the observed atmosphere than in the model simulation.
Due to internal atmospheric variability and changes in the boundary forcing, it is well known that the level of intraseasonal activity fluctuates from year to year. Of particular interest to this study are the interannual variations of intraseasonal activity resulting from SST perturbations. The relative amplitude of such SSTrelated variations can be inferred from the GCM data. The rms of the 10-60-day filtered Z 300 in the November-March period is calculated for each year and for each of the eight ensemble members. Its value is denoted by . The "external variance" of this population of values is obtained by first computing the eightmember mean {} for each year, and then evaluating the temporal variance of the time series of {} (see details in appendix A). By virtue of the design of the model experiment, this external variance can be attributed to the interannual variability of the imposed SST. The square root of a modified version of this external variance, expressed as a fraction of the "total variance" of (see appendix A), is displayed in Fig. 1c . The pattern in this figure indicates that the interannual variation of intraseasonal activity related to the SST conditions is large over a broad region in the North Pacific, with a local maximum to the south of the Aleutians. Within the region 40°-60°N, 180°-150°W (outlined by dashed contours), the square root of the external variance is about 30%-40% of that of the total variance. This region will be referred to as the "key region." In the model atmosphere, the intraseasonal anomalies proximate to this site should be sensitive to the SST in the DTEP region, as will be demonstrated in the following sections. It is noteworthy that the spatial pattern in high latitudes in Fig. 1c is different from that of the rms of Z 300 shown in Fig. 1a , in which the largest amplitude is found near the northwestern North American seaboard. The SST-related variability also has large values in the tropical central Pacific. This feature could be related to the impact of ENSO on tropical intraseasonal activity.
Following Renwick and Wallace (1996) , the ratio of the composite of the square of (i.e., variance of the filtered Z 300 ) over cold ENSO events to the corresponding composite over warm events is shown in Fig.  2 , for GCM and reanalysis datasets. Nine warm episodes and nine cold episodes in the period of 1950-99 are selected. The warm ENSO events chosen are 1957 / 58, 1965 /66, 1969 /70, 1972 /73, 1976 /77, 1982 /83, 1987 /88, 1991 /92, and 1997 /98. The cold events are 1950 /51, 1954 / 55, 1955 /56, 1964 /65, 1970 /71, 1973 /74, 1975 /76, 1988 /89, and 1998 . Activity over many parts in the subtropical and high-latitude Pacific is enhanced during cold events as compared to warm events. In the GCM simulation, the strongest enhancement is located over the Aleutian Islands. Suppressed activity over the midlatitude eastern North Pacific is discernible in the cold phase. Not surprisingly, regions with a strong impact of ENSO broadly correspond to the locations where the external variance of is large (see Fig. 1c ).
The GCM results agree reasonably well with those based on reanalysis data. Discrepancies are seen over east Asia, as well as near the Bering Strait where the activity enhancement in cold events occurs in relatively higher latitudes in the reanalysis pattern. Overall, the results in the North Pacific sector of Fig. 2 are in accord with those of Renwick and Wallace (1996) and Compo et al. (2001) .
The impact of ENSO on the intraseasonal variability is also assessed by comparing the occurrence frequencies of persistent circulation episodes in different phases of ENSO. To define a persistent episode, daily values of Z 300 averaged over the region of 40°-65°N, 170°E-150°W are first obtained.
1 The rms () of the area-averaged Z 300 time series is then computed using 10-60-day filtered data from November to March for all years. A persistent anomalous episode is identified whenever the absolute value of the 10-60-day fluctuations in this local area mean of Z 300 is greater than 0.5 for at least 10 consecutive days. This method is very similar to the one used by Dole and Gordon (1983) and Lau and Nath (1996) . The frequencies of occurrence of these "0.5 episodes" during warm and cold ENSO events are shown in Fig. 3 , based on GCM and reanalysis data. Results from both datasets indicate that persistent episodes are more frequent during cold events. The same computation is repeated using GCM data to obtain the frequencies of events that exceed the higher thresholds of 0.75 and 1 . Again, persistent events are more likely to occur in the cold phase than in the warm phase, indicating that inferences on ENSO modulation of prolonged episodes are not sensitive to the choice of the threshold magnitude. The statistics of blocking events given by Renwick and Wallace (1996) exhibit a similar dependence on the ENSO polarity. 
Recurrent circulation anomalies over the North Pacific
a. Climatological characteristics
As discussed in the previous section, properties of the circulation anomalies proximate to the key region are particularly sensitive to the imposed SST in the model experiment. Before studying the influence of ENSO on these anomalies, their climatological characteristics are first examined using data for all years. To depict the typical evolution of these perturbations, meteorological fields are regressed at various temporal lags upon a (normalized) "reference time series" comprising the daily values of the 10-60-day filtered Z 300 averaged over the key region. This regression method is applied to data of the 300-mb height from November to March for all years in the 1950-99 (1979-99) period for the GCM (reanalyses), and results for the two datasets are shown in Fig. 4 . Three stages of evolution are identified for the life cycle of these typical circulation anomalies. They are depicted by averages of the regression charts for the lags of Ϫ5 to Ϫ2, Ϫ1 to ϩ1, and ϩ2 to ϩ5 days, and will be referred to as the developing, mature and decay stages, respectively. Results based on the model and reanalysis datasets agree reasonably well, except that anomalies in the reanalysis patterns are relatively stronger in high-latitude regions and over North America. The following description applies to both model and reanalysis results. We shall henceforth refer to the disturbances in Fig. 4 as the "recurrent" intraseasonal anomalies in the North Pacific-North American sector.
In the developing stage (Figs. 4a,b), a ridge over the North Pacific is amplifying rapidly. Negative height anomalies are seen to the south and east of this ridge. Together these anomalies form a wave train extending from the subtropical North Pacific to North America. There is another negative anomaly east of Siberia, which is part of an east-west-oriented string of perturbations in the 50°-70°N zone. In the mature stage (Figs. 4c, d ) the ridge in the North Pacific attains its maximum strength. The anomalous trough to its southeast has amplified substantially over northwestern United States, and a positive anomaly emerges over the southeastern Unites States. This southeastward development downstream of the key region is suggestive of the occurrence of Rossby wave dispersion. The subtropical low anomaly shifts eastward toward the eastern Pacific. The principal anomalies in the North Pacific-North American sector almost coincide with the centers of action of the PNA pattern (Wallace and Gutzler 1981) . The anomaly over the northeastern Asian coast is seen to migrate southward. In the decay stage (Figs. 4e,f) , most of the anomalies are weaker, but the wave train over North America is still discernible. The center of the North Pacific ridge remains quasi-stationary throughout the life cycle. However, the northern portion of this ridge (in the 60°-80°N zone) is seen to migrate westward with time. Such retrogression is reminiscent of the typical evolution of the circulation features associated with the WTP (see section 5).
Also shown in Fig. 4 are wave activity vectors of Takaya and Nakamura (2001) and their horizontal divergence (shading). The horizontal components of the activity vector W are given by
where is the perturbation streamfunction and the subscripts on the rhs represent partial derivatives. Here U ϭ (U, V ) is the two-dimensional time mean flow. Convergence of the activity flux can lead to amplification of the wave pseudomomentum M, which is equal to a combination of the energy and enstrophy of eddies (see Takaya and Nakamura 2001) . Wave activity vectors are computed based on regression maps of Z 300 . Since the expression of W is phase independent, these vectors are useful in providing snapshots of wave dispersion in each stage of the evolution of the recurrent circulation anomalies.
In the developing stage, there is incoming wave activity from the subtropical Pacific and northeast Asia. Convergence of the activity flux occurs over the Gulf of Alaska. In the mature stage, activity flux convergence seems to accompany the development of anomalies in North America. Activity vectors in high latitudes are mostly zonally oriented, indicating eastward dispersion in that region. Another noteworthy feature in the southeastern portion of the North Pacific ridge is the southward turning of wave activity vectors toward the subtropical eastern Pacific. In the decay stage, some divergence of activity flux from the ridge is still discernible, and eastward dispersion now prevails over the North Pacific.
b. The impact of ENSO
To study the impact of ENSO on the behavior of the intraseasonal anomalies, the same regression method is applied separately to data for warm and cold ENSO events. Figures 5 and 6 show the results based on the GCM and reanalysis dataset, respectively. The GCM patterns are discussed first. Anomalies in the North Pacific-North American region are comparatively stronger throughout their life cycle during cold events. This is consistent with the cold-to-warm variance ratio shown in Fig. 2 . In the developing stage (Figs. 5a,b) , there is more incoming wave activity from the subtropics in the cold ENSO phase. The cyclonic anomaly in the subtropical ocean is also stronger in this phase. During cold ENSO events, the activity flux directed to the North Pacific ridge center is more intense, and the development east of the ridge is more evident in this developing stage.
In the mature stage (Figs. 5c,d), there is still a substantial amount of incoming activity from the subtropics during cold events. Prominent southeastward Rossby wave dispersion occurs over the United States in cold events. The dispersion during warm events proceeds along two pathways (see arrows in Fig. 5c ), with one branch being directed to northwestern North America, and another branch to the subtropical eastern Pacific. In the decay stage (Figs. 5e,f), anomalies over the northwestern North American seaboard are relatively stronger during cold events.
The GCM results (Fig. 5 ) agree with the reanalysis patterns (Fig. 6 ) in several respects. Observed perturbations are stronger throughout their life cycle during cold events as compared to warm events. In the developing stage (Figs. 6a,b) , the subtropical Pacific anomaly is stronger in the cold ENSO phase. More convergence of activity flux into the North Pacific ridge and stronger dispersion downstream of the ridge occur during cold events. The reanalysis patterns for the mature and decay stages (Figs. 6c-f) further indicate that the wave train pattern over North America is modulated by ENSO: the positive anomaly is centered over southeast United States during cold ENSO episodes, while during warm episodes the wave train has a more zonal orientation, with the positive anomaly being located over the northeastern coast of North America.
In summary, it is found that ENSO affects the magnitude, circulation features, and dispersion characteris-tics of the intraseasonal anomalies over the North Pacific. There is stronger incoming wave activity from the subtropics during cold events. The subtropical anomaly over the western-central Pacific is stronger, and there are also stronger perturbations over the northwestern North American seaboard in the cold ENSO phase. For the GCM result, a Monte Carlo method is used to access the significance of the difference in the circulation features in different phases of ENSO.
3 This test confirms that the aforementioned differences in the circulation features simulated in the warm and cold events are significant at the 95% level.
Extratropical circulation patterns associated
with the MJO and WTP
a. Climatological characteristics
The MJO and WTP are strong contributors of intraseasonal variability in the North Pacific region (see section 1). In this section, extratropical circulation anomalies associated with these two modes are studied based on the GCM dataset. It will be shown that these anomalies are closely related to the recurrent circulation patterns identified in section 4.
To examine the evolution of the MJO-and WTPrelated circulation anomalies, a composite method based on products of complex empirical orthogonal function (CEOF) analyses is used. For the MJO, the CEOF of the 10-100-day bandpass-filtered 200-mb velocity potential in the region of 20°N-20°S is computed. For the WTP, the CEOF of the Z 300 field is computed based on 10-45-day bandpass-filtered data within 55°-90°N, 90°E-90°W (see appendix B). Using the time series of the temporal coefficients (i.e., the principal component, abbreviated as PC) of these leading CEOF modes, composite charts of meteorological fields in different phases of the MJO and WTP cycle are constructed as follows. An MJO or WTP episode is identified if the corresponding PC amplitude (i.e., the modulus of the complex PC coefficient) is greater than the threshold value of 0.75 standard deviation (sd) for at least 20 consecutive days, and the episode encompasses a total phase change of 2 or more. 4 The MJO or WTP cycle is divided into eight bins according to their phases (i.e., the argument of the complex PC coefficient): 0 to /4, /4 to /2, . . . , 7/4 to 2, hereafter referred to as phase 1, 2, . . . , 8, respectively. The 10-day lowpass-filtered values of meteorological fields in various phases of all selected episodes are collected, and composite maps for individual phases are constructed by taking the average of these values in the corresponding phase bins. Figure 7 shows the composites maps of Z 300 in phase 7, 8, and 1 of the MJO and WTP cycles, 5 as computed using data for all years. For the MJO, a wave train originating from the subtropical western Pacific can be seen in phase 7 (Fig. 7a) . Anomalies grow over the North Pacific, and there is southeastward development of perturbations over North America in phases 8 and 1 (see Figs. 7c,e) . Throughout these phases the anomalous high over the central Northern Pacific remains stationary, while the center of the subtropical Pacific low is shifted eastward. The anomalies shown in phase 8 of the MJO broadly resemble the PNA pattern.
The composite chart for phase 7 of the WTP (Fig. 7b ) is characterized by a wavelike pattern with a ridge over Alaska and troughs to its east and west. As inferred from the charts for phases 8 and 1 (Figs. 7d,f) , the anomalous ridge gains strength as it travels westward over the Asia-America land bridge. The negative anomalies over eastern Siberia migrate southward. Anomalies related to the WTP are generally stronger in high latitudes. However, a midlatitude trough with moderate strength is also evident in the central and eastern Pacific. The evolution of the WTP in Figs. 7b,d ,f bears some resemblance to that described by Branstator (1987) , Kushnir (1987) , and Lau and Nath (1999) .
It is noteworthy that the MJO-and WTP-related circulation features are similar to the recurrent intraseasonal anomalies examined in Fig. 4 , in terms of both their spatial features and temporal evolution. Resemblance between Fig. 4 and the MJO-related pattern is particularly notable in the subtropical and midlatitude Pacific as well as over North America. Correspondence between Fig. 4 and perturbations associated with the WTP is most evident in high latitudes and in northeastern Asia. In other words, the prevalent intraseasonal anomalies project strongly on the characteristic patterns related to the MJO and WTP. 6 The combined effects of the MJO and WTP on the extratropical circulation are also examined using a composite technique (referred to as "MJO ϩ WTP" composites in section 6). The result of this analysis (not shown) indicates that constructive interference between the anomalies associated with the MJO and WTP yields circulation patterns that are very similar to those displayed in Fig. 4 . The nature of the interaction between the extratropical 3 Two sets of regression charts are computed based on model data from nine distinct, randomly chosen years. The difference between these two sets constitutes one sample, and 100 000 such samples are used for establishing the significance levels. 4 There are about 800 (700) WTP (MJO) episodes for all years for all model integrations. During either warm or cold ENSO events, ϳ150 (125) WTP (MJO) episodes are identified. 5 Note that the phases of the MJO and WTP are labeled independently of the other. 6 The evolution of regional features in Fig. 7 correspond well to those of the recurrent anomalies in Fig. 4 , so that phases 7, 8, and 1 of the MJO and WTP can be approximately identified with the time lag of Ϫ5 to Ϫ2, Ϫ1 to 1, and ϩ2 to ϩ5 days in Fig. 4 , respectively.
anomalies related to the MJO and WTP will be considered in section 6.
b. Modulation by ENSO
In section 4 it is shown that ENSO has an impact on both the amplitude and circulation features of the recurrent extratropical intraseasonal anomalies. It would be of interest to examine how ENSO affects these anomalies through its influences on the MJO and WTP. Figure 8 shows the Z 300 and precipitation composites in different phases of the MJO during warm and cold ENSO events. In phase 7 (Figs. 8a,b) , a wave train ex- tending from the subtropical Pacific to North America is discernible during both warm and cold events. However, in cold ENSO years the subtropical trough is more prominent in the western part of the Pacific Ocean and the North Pacific ridge is relatively stronger. The difference in the amplitude of the ridge in warm and cold phases of ENSO episodes might be related to the position of the ridge relative to the exit of the Pacific jet stream. Naoe et al. (1997) showed that Rossby waves tend to grow near jet exit regions. The displacement of the jet exit region eastward during warm events (not shown) could partially account for the weaker amplitude of the ridge in this phase of the MJO.
In phase 8, the anomalies in the subtropics, North Pacific, and North American seaboard remain almost stationary during cold events (Fig. 8d ). There is also strong downstream development over North America in these events (see also phase 1, Fig. 8f ). During warm FIG. 8 . Composite maps of GCM-simulated 300-mb height (contours; upper part of panels) and precipitation anomalies (shading; lower part of panels), for selected phases of strong MJO cycles occurring during (a), (c), (e) warm and (b), (d), (f) cold ENSO events. Contour interval is 10 m. Zero contours are omitted. All precipitation and height perturbations shown here exceed the 95% significance level. events (Fig. 8c) , the center of the subtropical anomaly is located more to the east, and the trough downstream of the North Pacific ridge resides over northern Canada. Many of these effects of ENSO on the MJO-related perturbations are strikingly similar to those on the recurrent intraseasonal anomalies presented in section 4 (see Fig. 5 ).
Based on the three MJO phases depicted in Fig. 8 , it can be seen that ENSO also has a strong impact on the evolution of tropical convection (see lower portions of each panel). MJO-related precipitation is more confined to the far western Pacific during cold events, and extends farther east to the date line during warm events. This displacement of convective activity in the model atmosphere is due to the SST conditions over the tropical Pacific in different phases of ENSO (Tam and Lau 2005) . The resulting different MJO convection could account for part of the sensitivity of the wave train in Fig. 8 to the ENSO polarity, such as the stronger subtropical circulation features and the more stationary wave pattern during cold events as compared to warm events.
Besides the behavior of the tropical forcing, the extratropical mean state is also important in determining the MJO-related circulation. To relate the different dispersion characteristics to the mean flow structure in different phases of ENSO, the total wavenumber K s during warm and cold events are plotted in Fig. 9 . Here K s is given by ͌(␤ Ϫ U yy )/U, where ␤ is the meridional gradient of the Coriolis parameter, U is the mean 300-mb zonal wind in the November-March period, and subscripts denote partial derivatives. Hoskins and Ambrizzi (1993) showed that Rossby waves are refracted toward regions of larger K s . Jet streams produce local maxima of K s in their vicinity and can therefore serve as waveguides. During cold events in the eastern Pacific, K s decreases rapidly southward on the subtropical side of the jet; whereas the rate of decrease of K s in the same region is smaller during warm events. The difference in the pattern of K s can be further related to the change of U during ENSO. During warm events, the zonal wind is increased over the subtropical central-eastern Pacific. The value of ϪU yy is also larger at about 25°N (not shown), leading to larger K s there. On the other hand, the weaker jet in the same region leads to smaller values of K s during cold events. These patterns of K s imply less refraction or less effective trapping of Rossby waves over that part of the eastern Pacific in the warm ENSO phase, thus facilitating a more distinct equatorward branch of wave dispersion toward the subtropical eastern Pacific during warm events. In contrast, most of the dispersion is channeled toward North America during cold events (see Fig. 5 ). The effects of the waveguide properties of the Pacific jet stream during warm and cold ENSO episodes on the extratropical anomalies associated with the MJO are illustrated by the locations of centers of action in phase 8 of the MJO cycle (black dots in Fig. 9 ). During warm events, a strong center is found over the subtropical eastern Pacific, suggesting southeastward dispersion from the North Pacific principal anomaly. On the other hand, the strong centers of perturbations are seen to be lying in almost the same latitude circle during cold events, indicating that wave dispersion is more zonal over the North Pacific-North American sector in the cold ENSO phase.
The impact of ENSO on the WTP is now examined. Composite charts of Z 300 in phase 8 of the WTP during warm and cold events are shown in Fig. 10 . Perturbations in high latitudes are stronger during cold events as compared to warm events. However, the spatial features of the circulation associated with the WTP during warm and cold ENSO episodes are rather similar. For other phases of the WTP (not shown), circulation anomalies in warm and cold years also resemble each other. Hence the spatial patterns associated with the WTP exhibit a much weaker dependence on the ENSO phase as compared with the MJO-related anomalies.
In comparing the results in this subsection with those in section 4b, it is evident that the influences of ENSO on the extratropical signals associated with the MJO (Fig. 8) are similar to the ENSO modulation of the recurrent circulation patterns near the key region (Fig.  5) ; whereas the alteration of the WTP during warm and cold events (Fig. 10) are much less discernible in Fig. 5 . Inspection of the tropical precipitation changes (not shown) accompanying the recurrent midlatitude anomalies in Fig. 4 reveals strong variations in convective activity over the tropical western Pacific. This relationship, together with the resemblance between Figs. 5 and 8, suggest that ENSO influences intraseasonal variability in the North Pacific mostly through its impact on MJO-related rainfall in the Tropics. To further illustrate the covariability of ENSO, MJO, and the extratropical circulation, the evolution of the precipitation and 200-mb velocity potential signals associated with the recurrent midlatitude circulation changes is shown in Fig. 11 separately for warm and cold ENSO events. These diagrams are constructed using lag regression upon the reference time series of 300-mb height over the key region (see section 4), and the regression values are averaged over the 10°N-10°S zone. During warm events the convection and velocity potential are seen to extend more eastward as compared to those during cold events. The differences in the location of convective heating during warm and cold ENSO episodes could excite different wave train patterns in the extratropics. For instance, the subtropical trough anomaly is more evident over the western part of the Pacific in cold events than in warm events (see Fig. 5 ), partly due to the stronger confinement of the precipitation forcing in that sector during cold episodes (Fig.   11 ). The strong resemblance between the tropical precipitation anomalies accompanying circulation changes over the North Pacific (Fig. 11) and those related to the MJO life cycle (Fig. 8) confirms the important role of the MJO in modulating intraseasonal variability in the extratropics during ENSO events.
Interaction between midlatitude anomalies associated with MJO and WTP
In the previous sections it is shown that certain regional signals of the recurrent intraseasonal anomalies in the North Pacific resemble those of the extratropical circulation changes related to the MJO and WTP. Based on the GCM dataset, the relative contributions of the MJO and WTP to intraseasonal variability over the North Pacific region will be quantified. Consider the following equation for the 10-60-day filtered Z 300 field:
Here Ẑ 300 is expressed as a linear combination of four time series, two of them are related to the WTP and the other two to the MJO. The time series a r and a i are the standardized real and imaginary parts, respectively, of the PC for the leading CEOF of Z 300 , which are used to characterize the WTP cycle (see section 5). Similarly, b r and b i are the real and imaginary parts of the leading PC for the 200-mb velocity potential field, and have been used to obtain the phase information of the MJO. It is noteworthy that the correlation between any two of the four time series is very small. In other words, each of them is practically independent of the others. The spatially dependent coefficients ⌽ can be computed using multiple regression. Their patterns are shown in Figs (1). Analogously, the amplitude due to MJO activity is evaluated as the rms of Ẑ 300 with the deletion of ⌽ a r a r and ⌽ a i a i terms. Both of these amplitude measures are divided by the rms of the 10-60-day filtered Z 300 , so as to express the WTP-and MJO-related variability as a fraction of the total amplitude. The amplitude ratios thus obtained are mapped in Figs. 12e,f for WTP and MJO components. As expected, the WTP component (Fig. 12e) is more prominent in high latitudes, with a secondary maximum in the amplitude ratio appearing over the central Pacific at about 30°N. The corresponding pattern for the MJO component is characterized by a broad maximum over the subtropical western and central Pacific, and another more localized maximum centered near 40°N, 160°W. Within the 40°-50°N zone over the North Pacific, the MJO and WTP component are comparable. This implies that the two phenomena make equally important contributions to the intraseasonal activity in that region.
In view of the comparable impact of the MJO and WTP on midlatitude intraseasonal variability, we proceed to study the nature of the interactions between extratropical circulation anomalies associated with these two individual components. We first define the composite height anomalies for phase category of the MJO cycle and with threshold value of the PC amplitude s (see section 5) as ⌽( , s ). Here the subscript in and s signifies that these phase and amplitude measures are based on the leading CEOF of the velocity potential field 200 . Analogously, the composite for the phase Z of the WTP cycle with the amplitude threshold s Z are denoted by ⌽( Z , s Z ), where the subscript Z indicates that these parameters are obtained from the CEOF of the Z 300 field. For instance, the composite maps shown in Figs. 7a,c,e are constructed with ϭ 7, 8, and 1, and s ϭ 0.75 sd. In general, larger values of s imply that stronger MJO episodes are being selected, and stronger circulation features would appear in the composite charts.
We next consider composite maps over those time periods when both MJO and WTP episodes occur. For the MJO cycle, we further define the following "deviation" patterns
where s* is the reference threshold value set at 0.5 sd, and s Z is set to have a constant value of 0.75 sd. The ␦⌽( , s ) and ␦⌽ ( , s | Z ) maps depict the deviation of composite anomalies due to the change in the amplitude threshold used to identify MJO episodes. In computing ␦⌽( , s ), this sensitivity to the choice of s is determined by sampling MJO cycles with no consideration of the phase and amplitude of the WTP. On the contrary, specific phase and amplitude information on the WTP are incorporated in the ␦⌽ ( , s | Z ) patterns. Since the two terms on the rhs of Eq. (3) 
where s* Z is the reference threshold value for the amplitude of WTP episodes (also set at 0.5 sd), and s ϭ 0.75 sd. By applying similar reasoning as in the previous paragraph, independence between the MJO and WTP signals would lead to strong resemblance between patterns of ␦⌽ ( Z , s Z | ) for various categories, as well as between ␦⌽ ( Z , s Z | ) and ␦⌽( Z , s Z ) for given Z and s Z .
As an illustration of the deviation patterns obtained in this analysis procedure, the distribution of ␦⌽( ϭ 8, s ϭ 2.5 sd) and ␦⌽ ( ϭ 8, s ϭ 2.5 sd | Z ϭ 8) are displayed in Fig. 13 . There exits a strong spatial correspondence between these two charts. The spatial correlation coefficient between these two maps, as well as the rms amplitude of the individual patterns relative to their respective spatial mean, are computed for the domain of 30°-90°N, 120°E-90°W. The high correlation value (0.65) and the comparable rms amplitudes (ϳ20 m for both patterns) offer quantitative evidence for the similarity between Figs. 13a,b. These patterns also bear considerable resemblance with those of ␦⌽ ( ϭ 8, s ϭ 2.5 sd | Z ) for other phase categories Z ranging from 1 to 7 (not shown).
Parallel computations are performed using Eqs. (2) tinct combinations of ( , Z ), 7 and for various threshold of s . The proximity of the data points to the slope-1 line indicates that the amplitudes of the deviation patterns obtained from Eqs. (2) 
Discussion and summary
The recurrent intraseasonal anomalies of the 300-mb height field in the vicinity of the key region in the North Pacific are studied, based on GCM simulations and data from NCEP-NCAR reanalyses. A substantial fraction of the year-to-year changes in intraseasonal activity over this region can be attributed to the SST variability in the Tropics. These prevalent circulation anomalies take the form of a wave train extending from the subtropical Pacific to North America, with a spatial structure that resembles the PNA pattern. In higher latitudes, the anomalies propagate westward. Wave activity diagnostics are used to depict the typical direction of wave dispersion and to unveil possible sources of activity for the intraseasonal anomalies. Wave activity is seen to originate from the subtropical western Pacific and northeast Asia during the development phase of the midlatidue circulation patterns. There is also southeastward dispersion from the principal anomaly center in the North Pacific. Based on GCM simulations, the anomalous extratropical features related to the MJO ), but for correlation between ␦⌽ ( Z , s Z | ) and ␦⌽( Z , s Z ). All rms and correlation statistics are based on model-simulated 300-mb data in the 30°-90°N, 120°E-90°W region. In all panels, data for a given phase combination of ( , Z ) are indicated using the same plotting symbol. and WTP are also studied individually. It is demonstrated that those features bear a considerable resemblance to certain regional aspects of the recurrent intraseasonal anomalies in the North Pacific-North American sector.
The impact of ENSO on intraseasonal activity in the North Pacific sector has been investigated. In general, activity is enhanced (suppressed) in the cold (warm) phase of ENSO. During cold events there is stronger incoming wave activity flux from the western Pacific in the development stage of the recurrent anomalies. There is also stronger dispersion from the North Pacific ridge to the west coast of the United States in the cold ENSO phase. Such a difference in the properties of the intraseasonal anomalies during warm and cold events is very similar to the ENSO modulation of the MJOrelated circulation pattern in the extratropics. During cold events, the MJO is accompanied by a more stationary wave train, southeastward dispersion from the North Pacific is more prominent, and perturbations are stronger over the northwestern North American seaboard. During warm events there is a more obvious split of the wave dispersion pattern associated with the MJO, with one branch being directed toward the subtropical eastern Pacific and the other branch toward northern Canada. The modification of the waveguide properties of the Pacific jet by ENSO accounts for some of the differences in dispersion characteristics during warm and cold events. On the other hand, there is little change of the spatial structure of the circulation anomalies associated with WTP during opposite phases of ENSO.
The above results highlight the special role of the MJO in linking ENSO forcing in the Tropics to intraseasonal variability over the North Pacific. The MJO activity is more confined to the western Pacific during cold ENSO events as compared to warm events. The enhanced intraseasonal perturbations in the convective heating over the western Pacific lead to stronger Rossby wave propagation from that region in cold episodes (Fig. 5) , with the subtropical portion of the PNAlike wave train being more anchored to the western Pacific (Figs. 5 and 8 ). Since the extratropical basic state and the forcing related to the MJO are both modulated by ENSO at the same time, further study is required to ascertain their relative importance in affecting the intraseasonal variability in the North Pacific. To address this issue, experiments using barotropic or baroclinic models with different mean flow structures and different MJO forcing (vorticity source or diabatic heating) could be conducted. Given that this type of experiment is sensitive to the choice of the background flow (see Ting and Sardeshmukh 1993) , experimental results based on the GCM as well as the observational basic states should be examined.
Finally, the nature of the interactions between extratropical anomalies associated with the MJO and WTP is investigated. The MJO and WTP phenomena are found to be almost independent of each other. Multiple regression analysis reveals that they exert comparable influences on the intraseasonal activity over the midlatitude North Pacific. The extratropical circulation anomalies resulting from the joint occurrence of MJO and WTP are essentially a linear superposition of circulation anomalies associated with the MJO and WTP separately. Nakamura et al. (1997) emphasized the importance of feedback from synoptic-scale eddies in maintaining blocking flows. The height tendency due to the convergence of vorticity fluxes associated with high-frequency eddies is computed, following Lau (1988) . It is found that high-frequency activity tends to reinforce the recurrent intraseasonal circulation patterns (not shown). However, the magnitude of this feedback is only moderate. It should be pointed out that Nakamura et al. (1997) were interested in the strongest blocking events in their data record. On the other hand, the regression analysis used in this study would encompass a broader class of activity. Further work is required in order to delineate the relationship between the recurrent intraseasonal anomalies examined in our study and blocking episodes in the North Pacific.
It is also worth noting that the recurrent intraseasonal perturbations in the North Pacific exhibit a distinct westward tilt with increasing height (not shown). Further analysis based on wave activity diagnostics suggests that baroclinic processes could be important for the growth of perturbations. This result is consistent with the study of Black (1997) . The baroclinicity of the wintertime basic state (as measured by the vertical wind shear at 700 mb) is stronger (weaker) during cold (warm) events over the high-latitude North Pacific. It is possible that the growth of intraseasonal anomalies is also influenced by ENSO through its effect on the baroclinicity of the basic state. This mechanism is noticeably different from the ENSO modulation of intraseasonal variability by altering the stability of the mean barotropic flow, as suggested by Palmer (1988) .
APPENDIX A
Analysis of Variance
The results in Fig. 1c are obtained by the analysis of variance (ANOVA) method outlined in Rowell et al. (1995) . Further discussion can be found in von Storch and Zwiers (2001) . Suppose a set of values i,j is obtained from an ensemble GCM experiment with imposed interannually varying SST conditions, where i ϭ 1, 2, . . . , N and j ϭ 1, 2, . . . , M. Here N is the number of years in the experiment and M is the number of ensemble integrations. The unbiased estimate of the internal variance is defined as This step can be interpreted as removing the residual amount of variance due to the presence of internal variability (see Rowell et al. 1995) . In practice var SST can be negative in some region. Its value is set to zero wherever this occurs.
The total variance is given by var total ϭ var SST ϩ var internal , and the ratio var SST /var total can be interpreted as the fraction of variance attributed to the SST variability. Figure 1c shows the square root of this ratio, based on the rms value of the 10-60-day filtered 300-mb height field computed for each year.
APPENDIX B
Complex Empirical Orthogonal Functions
The space-time characteristics of the MJO and WTP cycle are identified in this study using eigenanalysis techniques. For the MJO, complex empirical orthogonal functions (CEOFs) of the 10-100-day bandpassfiltered 200-mb velocity potential are found (see, e.g., Horel 1984) , based on data within the region of 20°N-20°S. Data were subsampled such that one out of every three grid points is selected in the longitudinal direction. For the WTP, CEOFs of the Z 300 field are computed based on 10-45-day bandpass-filtered data and only values at selected grid points (based on an equalarea consideration) in the high-latitude region of 55°-90°N, 90°E-90°W are used. [The above methodology concerning the WTP, including the frequency cutoffs of the time filters, follows that used by Lau and Nath (1999) , except that their domain of analysis extends farther south.] Data within the period of NovemberMarch are used in the eigenanalyses for both the MJO and the WTP. The leading CEOF of the velocity potential (Z 300 ) explains ϳ70% (35%) of the domainintegrated variance.
The real and imaginary parts of the first CEOF of the velocity potential, computed based on GCM data for all years, are shown in Fig. B1 . The real and imaginary . Computation is based on GCM data for all years.
eigenvector patterns, both having a wavenumber-1 structure, are in quadrature in space. The pattern for the real part (Fig. B1b) represents a large-scale 200-mb divergence anomaly over the western Pacific, and a convergence anomaly over South America. Similarly, the imaginary part of the eigenvector (Fig. B1a) indicates intense rising over the Indian Ocean, and sinking over the eastern Pacific. The real part and the imaginary part of the PC time series (not shown) are in temporal quadrature, with the imaginary part leading the real part. The PC together with its associated eigenvector patterns indicate that anomalies with a wavenumber-1 structure are propagating eastward. The eigenvector patterns for the reanalysis (not shown) are similar to those for the GCM. The spatial patterns for the leading CEOF of Z 300 based on the GCM data are practically the same as the multiple regression coefficients shown in Figs. 12a,b.
